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- HADH-QXIDATION S¥YSTEMS

———of the reapiratory pathways in the cell are concerned, the

COOPERATION OF INTRACELLULAR

g e

Following is & translation of an article by
. Wagenknecht and S. Rapoport of the Physie-
logical-Chemisal Institute at Humboldt Uni-
versity in Berlin, in Acta Biologica et Medi-
ca Germanica No 12, 1904, pages SL2-551,

. Summaxry

A

*- In model experimonts the suthors examined cross-con-
vections with the main pathway of tha respiratory chain in
mitochondria. They ascertalned rsactions betwesen the soclu-
ble diaphorases of the Aytoplasm and the mitochondria, At

the same time, they traced the possibility of rezsction bo-

tween wmisrosonmes and mitochondria in the model and examined

it as to its wmechenism of reaction. The elsciron transfer
of this resplrabtory cooperation is not based on an absorpe-
tion or diffusion process, As far as the crcss-connections
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ferric flavin enzymes of the mitochondris play s signifeant
role as a center of cooperation, The imporiance of the co-
operative ways in the cz2ll 3= diascussed. |

As 1t has been known for a long time, the respirso-
tion of cells may be stopped almost completsly through cya~
nide and carbon monexide which have & selectlve offect on
cytochrome oxydase (1 - 3). As & result, cytochrome oxy-
dase, which is locallized ia the mitochondria, represents
the final atretch of oxidation of the entire cell., Enzymes
which transfer hydrogen but fall to react directly with ox-
ygoen, may be found in large numbers and great capacity out-
side of the mitochondria. The normal enzyme capacity of &
ratta liver shows, for example, that of the total NADH de-
hydration capacity only L0% are localized in the mitechon-
dria, 50% in the micrcscme fraction é%ée Note/, and 10% in
the solubl s phase., I¢ may therefore be agsumed that cross
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cennections do exlst between tha final stretch of oxidation
and the mitochondria., This work uses modsl sxperinents to
sxamine the coopsration of resplratory enzymes inm ths cell,

{/Nota:/ Ergaztoplasmic membranes were not separat-
ed from the rihozomes in these expsriments., Instead, the
mixbure -- alse called microsomes -- wag used.)

nmicroscmes, and hyaloplasm, as well as NU and RU /Seos Note

ii w&a)represented &3 described in earlisr publications
- 7 @

{/Fote:/ The following abbreviations were used:
HE = heart enzyme; NU = statle srythrocite fluid; RU =
static reticulocite fluild; NADH = nicotine aecid amino-in-
dinuclsotide, rsducsd,)

& comnmerelal preparatlion of NAUH was used as the
subgtratum. The NADH oxydase activity was measured through
extinetion deocrease at 340 nm. The measuring took place
in & 0.03 M phosphate buffsr, pH 7.4; the final volume
amounted to 2.8 ml. CGCenerally, the following final councen-
tration per deposit was maintalned: NADH = 200 g; BE = 30

g albumen; microsomes = 90 g albumeng NU + RU = 130
£ albunen,

If highly vigcous medla wers used, the reaction was
observed following t

4 foll mixing
T which laated for 30 ssconds without creating alr bubdbbles,

AlL units of activity are expressed in uval/min/ml
ehgyme golution,

Reanlte

1. Diaphorase Reaction im the Soluble Phase and ths
Mitochondria

Table 1 skhiows the influence of erythrocite NADH dia-
phorase, which ig coniraned in NU, on the NADH oxydasse syas-~
tem of the heart enzyme, Static erythrocite ligquid (NU)
was added as a dlaphorase to & beart sarcoscme preparation.
NU 1tself showed nc NADH decrease, The oxidaticn of NADH
-through heart sarcosomes was increased by a factor of 2.9
with the sid of added NU,
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Table 1

NADH Ozxidatlion Increase in the Mitochondria
Through Erythrocite Diasphorases

I x,guﬂ_g,ﬁ.d“bn! BEficke ,, 14

& Amatz h K 4 Diaph Hemmung
‘ ‘ adfolmin e Hﬁpfmra“ A
Hi @518 ! ‘a
HE + 30 - t 1,503 I 39
HE + RU q 0473 ! 80 S
oot T | HE FRUF X0 a,55% [ Y -

égegeng7: a) Additive; b) Effect: ¢) Dia-
phoraze; d) Retardation,

Statiec reticulocibte liquid, which containe a similar
amount of diaphorsse activity (5), did not effect increased
reaction between NADH and oxvgen. The rsason for this lies
no doubt in the faet that RY ceontalns the retarding ele-~
msnta of mitochondrial ferrie flavin enzymes, Since ths RU
retarding elements check the reaction betweer NADH cyto-
chrome c-reductase and the cytochroms ¢, the shsence of an
inerease in NADH oxidation through NU leads ¢o the azsump-
tion that the reactien vasses through the blocked factor of
NADH oytochroms ce-rsductase of the nitochondria,

2. Resction in the Mibochondria and Microsomes 7

— — er mitochondria and wicrosomas were ussd Ln thess experi-
ments, Table 2 indicates that the additicn of microsomes
can increass NADH oxidation im the mitochondris by s factor
of 3.6 . In controlling experiments, ths microscmes alcone
did not effect a NADH decrease, that is, no activity wase
observed in the NADH oxydage test of the microsomes (8},
Since washed cell particles were used, we are justiried in
agsuming that after mitochondria wers addsd, the microsomal
NADH ecytochrome reductase found & connection with the final
gtreten of oxidation in the mltochondria, The experiment
indicates that microgsomes zet as soluble diaphorases. Pre-
incubation of heart wmitochondria with RU greatly retarded
NADH oxydase, Microsomes, which were added subszequently,
failed to effect an increase of NADH oxydase systenm,

in earlisr study (9) demonstratad thet RU has no in-
filuence on mlecrosome cytochroms reduction. RU blocks the
ferric flavin nf the mitochondria., Conseguently,
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Heart enzyme, porcupine mlcrosomes (8}, and rat liv-
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Table 2

The Inersasse of NADH Oxidation in Heart Sarcosomes
Through Porcupine Microsomes

0 Amatz  NADH-Dsydation] gigeus | Hemmong

o B 1) pmoljmin ";Eﬁakt ldy o
gg . ' 1,59 [

4 A %73 36
WE + RO I os Il W
HE {+ RU) + Biks, | .30 | = 1 %

sgend/: a) Additive; b) Oxidation; o)
ffect; <) Retardation,

cooperation of the two cell particles may be located elther
at the point of RU actlon, or jJust below i,

The capacity of the oxidation path from cytochrome
¢ to cytochrome oxydase, which is larger than that of the
mitochondrial NADH cytochroms c-reductase, may be titrated
by adding an overdose of microsomes. In the sxperiment,
waich is recorded in figure 1, the concentration of wmitv-
chondrie was kepit constant, and the maximum capasclty of the
oxidation pathway from cytochrome ¢ to cytochroms oxydase
wag detsrmined by adding greater amounts of wmicrosonmes,

The relative oxldation increase does not depend on the ,/
amount of mitochondria, provided that there 1s a surplus of
wicrosomes. This experiment is {llustrated in figure 2,
Different amounts of a mitochondria suspension were addsd
to a great surplus of microzomes {the :
o _8. fastor-of 10}, Microgome values fellow a
straight line, Jjust az those of the wmitochondria. Accord-
ingly, there was also a8 constant incressze Tacter.

2 & B &Y

L i ' |
& aw 80y gesmi
o Mikrosaemen

Pig. 1 Titration of the oxidetlion pathwsy from
cybochroms ¢ to the gybochrome oxydase
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of heart sarcosomes through poreuvine micro -
someg, NADH oxidation of an HE prsparation
wag tested following the addition of wvarious
amounts of porcupine microscomes {(HE conssani).
The ordinate marks the activiity as an extincs
tion change at 340 om; the abzciszsa shows var-
lous ampounts of mlcrosomes in ml pripary sclu-
tion. Measurements took place iu 0.03 phos-
phate buffer pH 7.4, end volume 2.8 ml,

[Tegend7: &) Microsomes,

i) st s N
g2 448 407 ml HE

Pig, 2 Constant increase of NADH oxydase of
heart sarcoscmes through noreupias
microsomes,

NADH oxydase of heart sarcosomes wag tested
for proportions with a surplus of porcupine
microsomes {(x) and without the addition cf
microsomes (0)., Ordinate: activity as a

decreage in extinction at 3L0 nm: abscissas

S _ various emounisz of a diluited heart preparg- .

tion,

3, The Mechanism of Reaction

There are three poszibilities for the mechanism of
reactlon in the two enzyme systems:

2) The absorpiion of microsomes by the mito-
chondria,

b) A diffusion of the microscmes and the mitoe
chondria, related to a transfer of elesctrons,

¢} 4 distent sotion, the transfer of electrons
by means of matter with 2 low molecular content.

Pirgt of all, tests were condusted to determine
whethsr or not the ccoperation sffect hetwesn mitochondria
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and nicrosomes was rstained after the mitochondria (Ha)
were separsted through centrifuging {12,000 g)}. Peozitive
results would have indlcated an absorption of mierosomes.,
The last line iu table 3 shows that mitochondria, re-sgsus-
pended from the activated mitochondria-mierosome accumula-
tion, heve a lower activity than the initial non-activated
gugpension. Botk after and prior to centrifuging, addi-
tionel mierosomss incresssd the activity by a factor of
three. Consequently, an absorpticn of microsomes by the
rnitochondria does nob apply.

— —- - Teble 3 — -

The Influence of Centrifuging on the Cooperation
Effect Between Hoart Sarcosomes and
Porcupine Hicrssones

[ 3 3.

chog mit Aktlvities-

Blrtoamaen Mikeasoones Koslfialent
HE vor Zeats. 4 83 40 .2
BE nach Zewee. & § 19 ;ﬁ.e
HE 4 Mikr. sach Zents. & ¥ a3 3.

[Legend7: 1} Without microsomes; 2) With
microscmesy 3) Activity coeffisient: L)
Pbr to centrifuging; 5) After cemtrifuging;
6) Microscmes after centrifuging.

The role of diffusion was tested in exnezimgaﬁaL~¢AAA;Amdgggfi

.
. b A A

where the viscosity of the medium was varied. Cane sugar
wag added in varying amounts to increase viscosity, Table
i shows the NADH oxydase ackivity of %he mitochondria and
microgomes in media of varying viscosity. In viewing ths
rate of reaction 1lu sediments without microscmes, we find
& reciprocal relationship beiwesn the rate of reaction and
viscosity. Starting with the rsaction in 0.03 M phosphate
tuffer pH 7.k, the sctivity waz calculaied in accordance
with the erxpected influence of viscosity on the diffusicn
rate of mabterials, using ths formula actlvity =

activity in Paq-buffer

YWisconity . The figures are indicated in ta-

ble I in parenthezes, 4 similar dependence is found in
gedinments containing mierosomes, The increase ecefflcient
remaing constant, These resulis lsad Ho ths sonclusion
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that the trangfer mechanism betreen microgsomes and mitochons
éria does not have an additional retarding elfect on diffu-
gion,

T Table L

Coopveration Betwsen Heari Sarcescmes and
Porcupline Microsonmes in Viscous Hedia

Ladn LI g

o “i“’"“’ - e R — [
: Vislensiths 1 l -3 ”Ii. Akgivitite
- E HE jHE 4 Mikrosamen‘ Hoeflizisnt 3f5
‘o T A MU W

0,63m Phosphat, pii7,4 4 19 {19} l 59 (59) 11
; in 509 Sucrose § 0 {9) 46 {27) 4,0
L in 50% Sucross % 76 | 008 29
H in 0% Sucress 48 i | 10 (12) 3.3
i

; éﬁégenﬁ?z 2) HE + Microsomes: 3) 4s in Table
: LY Viscosity:; &5) Phosphate.

' The mitochondria and microsomes were washed three

' times in an lsotone sgalt solution with the attempt of rs-

: moving matter with a low molecular content., This process

i did net reduce the incresse in activity, Furthsrmore, var~

o ious buffers were examined., It was determined that similar
i resulbs are obialned in phosphate, tris-, and tra-bulffers,

Discusslion

This study, as well a2 model experiments described
: eavrlier (i), lead to the conclusion NADH oxidation of the
cell mey well take the course shown inm figure 3. In that
cage, the finsl path of oxidation would alwaygs lead through
the mitochondris zud thelr cybochrome oxydase, The diagram
i shown stresses the microsome cytochrome and the irvon in the

: , KADH cytochroms cereductasze as key points in the cooperation.
? of NADH oxidation. ' ‘

' /
This ocutlins ignores the exitra-nitochondrial NADH

- pathway which was deseribed in the case of & locust nmuscle
i {10 = 15). According t0 these experiments, hydrogen of the
i extra-mitochondrial NADH cannot be dlrectly oxidated from
i ths mitechondria. It hag been proved instead, that hydro-
o gen is flooded into the mitochondris through the substratum
e ga-glycsrine phosphate,
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[Zepend/: 1) Mitochondria; 2) Microsomes;

3) 8oluble phase; 4) Cytochrome oxidase; §)
Mierosone cytochrome,

ot S b

Another mechanism {16 - 18) 1{s based on the theory

3 that NADH does not permeate ths mifochondria membrane., Ac~

B ’ cording to these findings, NADH and aceto-acetic aeld at

i the surface of the mitochondria may react to g -oxybutrie

4 aczld, The enzyme acting as the catalyst in tals rsaction,

i is then 1n & position to Fill the mitochondria with hydro-

s : gen through an-oxidation reaction, Only a catalyilc amount

n of acetoacetle acid 1s necegsary to produce such a reaction,

e

Egrlisr studies proved the existence of indepsndent
soluble NADH dlaphorases in static haemolisats (5), as well
ag in thes hyaleplasm of the liver, kidney, and heart tigsue
1 {(4). Their possible biulogiecal Iimportance has been discusse
g : ad as & partial system of oxidation pathways in sxtra-nito-
X chondrial NADH., Op one hand, the NADH of the zoluble phase
8 ' »e a8 indicated by the results of thls study -- might be

-4 : oxidated through NADE diaphorase and the mitochondria. A

- direct slectron transfer from the soluble disphorase te ths
ferric mliochondrial flavin enzyme may be an uvltra-mechanism
of the reaection. Oxidation through the flavim snzyme of the
srgastoplasmic membranes 1s ancother pogsibility. The elec-
tron transfler would continue from this system to the mite-
chondria. It ghould not be assumed that the DP-diaphorass
isolated by Ernster {19 -~ 21) is identical with ths diapho~
3 rase in the model system. Thse essential differenczes of

i these enzywes 1ls in the fact that the DT-diaphorase shows

-8 w
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no reaction wiith cyiochrcme bz, and 1s susdesed $o serve &s
& natural elcctron acceptor cd-aenzyme Q,

The oxidation ol JADH throuzgh nmicrosomes might find
a connection te the main recpiratory chain in direct reac-
tlon with the mitochondria. So far, a direct cooperation
between microgonmes and mitochondria in vivo has not been
found yet, Howevor, on the hasis of the above modsl expea
riments, & direct reaction between microzomr~s and mitechon-
dris seems possible. In considerinz an electron transfer
between the particles, we should bhear the fzet in mind tlat
a direct reaction bstween the microsome-cytochrome and
eytochrome ¢ is very rapid (as shown by Strititmatter and
Velick 22) and probably rests on a simple chemical reaction.
It would be d4ifficult to imagine thie rapid reaction as a
mechanism of reaction since both cytochromes ars particle
bound.

These wmodsl experiments peoint to ths pogaibility of
an electron transfer vetween microsomes znd ritochondria,
even though ths preblen of the ulire-mechanisn nags not heen
solved as yet, In this case, the ferric conponents of the
mitochondrial flavin enzyme are beund to pariticipate in the
mechanism of transfer, since RU, the inhibitor of ferris
flavin snzyme of the mitnchondria, retards cooperation.

The results of the wodel experiments lezd to the
cenclusion that the reaction mechanism of electron transfer
reats neither on the avbsorpiion of microsomes by the mito-
chondrie, nor on the diffusion of particles and substances
with a low molecular ccntent, The folliowing deliberation
supports thess results:

ml mitechondria and 3.0 x 1072 g albumen/ml microscues as
final cencentration, The wmicrosomes used was the mixture
of ribogomes and ergastoplasmic membrans, obtained after
separating the homogenous mixturs. In order to determine
the number of particles and the average distance between
them, the averags values snown in table 5 were vsed. Two
rmethods were smployed to calculate the number of particles,
Plrst, they were determined frem the albumen concentration,
divided by the molscular welght, and multipiied by the
Losehmidt figure, Secondly, the weight of particlss was
ealculatad from the dlamster and density in order te divide
the concentration by the individual weight and te obtaln
the igmber of particles per ml, The figurgs obtained wers
5.10"%/ul of microscme particles, and 5.10°ml of mitochene
dria, For the calculation of average distances betwesen
particles, they way be regarded as points and their volume
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may be disregarded. A regular statistical distribution of
particles is used ag the basis of the ecalculation., Consge=
quently, the distancs between microsomes is Q,éfzg and be-
tween mitochondria 12 Ao

Tgblae §

b et M .

Azgumed Average Values for Microsomes

u and Mitochondria ;
] z
s T D e
: o
‘—;‘ & Durchmesacs 20 nm s0nm !
! % Dichie 2,158 1.35

é MG 10? tor

gy

Tegend/: 1) Microsomes; 2) Mitochondria;
) Diameter; L) Density,

These distancess enable us now to caleulate the diffu-
slon time required to pass from one partiecle to mnother
uging EBinstein's equation of the diffusion constant

- RT . .
D= T T Aecordingly, ths diffusion constant of mi-

crcsomes is 2.2 x 1077 cm2/sece Uging these figures as a
basls, we are now in a position to answer the wuestion
whether or not diffusion plays a role in the transfer of C
electrons, The assumed diffusion path of microsome parti- P
¢les would correspond to an average diffusion time of 1.7 .
- +—F —distance bDotween mivrogomes and wito- 7
! chondria is 3 » which would correspond to a diffusion
: time of L2 seconds. In relation to oxidation, this would
represent an sxtremely slew process., Since the mitochon-
dria decompose approximabtely 107 NADH particles per ninute,
the diffusion rate of the particles is too slow by a factor
of 6. This caloulation clearly indicates that sm electron
- bransfer from the microsomes to the wmitochendria cannoch
possibly occur by means of a diffusion process.

- ver o P LS G T TR S T ST g R 3%, ST 4 ST 1 D e Y
. .

This baecomes sven less likely if we consider the co-
operation experiment in a viscous medium, This sxperiment
L allows for the possibility of diffusion as a mechanism of
: transfer only if the transmitting agent represents a sub-

stance wlth a very low molecular content. A substance
. meeting this requirement did not appesr in the model sys-
tem, Nsither could it have settled on the particles,
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hecauca repeated rinsing did not influence the cooperation
efTect, A sudbstance with a low molecular content woulid
have been wached away. The posolidbility of absorpbion of
the microcomes by the mitochondria rust also ba ruled out.
In the eass of absorpticn, 1t should be possidble Lo cene
trifuge the aggregatcd particles away., ADtsr tho gentrle
fugal process, nowever, thoe mitochoniria may be activated
to a similar dzgree as before,

Our process of sliminatlien leaves two posaibilities
for the mechanism of transfer:

1. The transfer of electrons mey oeccur through rsd-
icals which originate in water (OZH and 0H) and play the

role of transmitting agent in the form of 2 chaln reaction,

2. The principle of a seni-conductor or condensor

may be conslidered as a possible transfer mechanism of elecw
trons., In that case, the transfer of electrons from microe-
somes to mitochondria would take place in the form of a
chaln reactlion, gimilar to thit found In a semi-conducter.
This theory is supported by the fact that the activity in-
crease of the mitochondria alwayz sbtands in a dirsct ratio
to the =um of surface microszomes and mitochonirisz. Below
the maximu- ceblviby, thls ratio always shows the sams quo-
tient {Table &), This relationship is similar to the ratio

in a condensor where the capacity also depsuds on the sur-
face,

Table 6

Activity Increase and Surface ol Particles

¢ R 3 4 s
Mik : Altivitsts.
Mikrosomen-  swusjeisgg ;. *teigessng Summe der
Zusatem} i {gesamte Ake.) | Oerflichscm® Bekt 3/4
; | MitARt) '

- - - e /
Q.01 a4 5% 13 i 0,8 ; /
¢,02 . 27 4 . i8 : 0.8
€.03 33 20 a¢ Y
603 bt B ) 49 ' 0.7

éﬁégen%7s 1} Mierosemes added ml; 2) Activi-

ty: } Activity increase {Total activity pex
mitochondria activity; L) Sum of surface em®;
5) Effeet 3/l
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] The employment of radical catchers and the study of
temparature and pH influences on the cooperation between
mitochondria and microsomes might give us mors information

1 on thisg matter.

]
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